Background H3N2 influenza viruses circulating in humans and European pigs originate from the pandemic A/Hong Kong/68 virus. Because of slower antigenic drift in swine, the antigenic divergence between swine and human viruses has been increasing. Results After challenge with sw/Gent/08, all challenge controls had high virus titers in the entire respiratory tract at 3 days postchallenge and nasal virus excretion for 5-6 days. Prior infection with sw/Gent/08 or A/Vic/75 offered complete virological protection against challenge. Pigs previously inoculated with A/Wis/05 showed similar virus titers in the respiratory tract as challenge controls, but the mean duration of nasal shedding was 1Á3 days shorter. Unlike sw/Gent/08-and A/Vic/75-inoculated pigs, A/Wis/05-inoculated pigs lacked cross-reactive neutralizing antibodies against sw/Gent/08 before challenge, but they showed a more rapid antibody response to sw/Gent/08 than challenge controls after challenge. Cross-protection and serological responses correlated with genetic and antigenic differences.
Introduction
The antigenic and genetic characteristics of swine influenza viruses (SIVs) vary in different continents and regions of the world, but most if not all H3N2 SIVs contain hemagglutinin (HA) and neuraminidase (NA) genes from early or more recent human H3N2 viruses. 1 In Europe, H3N2 SIVs are derived from descendants of the 1968 "Hong Kong" pandemic virus, but they have evolved further through genetic reassortment with the endemic avian-like H1N1 SIV in the mid-1980s. This has resulted in H3N2 SIVs with human-like HA and NA genes and avian-like internal genes. 2, 3 In North America, H3N2 viruses did not become established in the pig population until 1998. These viruses are "triple" reassortants with the HA, NA, and PB1 genes of human H3N2 viruses from the mid-1990s and the remaining genes of classical swine and avian origin. 4 Multiple H3N2 SIV lineages have been found in Asia, and all have HA and NA genes derived from human H3N2 viruses from various time periods. [5] [6] [7] Because of slower antigenic drift in the H3 HA in swine than in humans, 5, 8 human-lineage H3N2 viruses in swine over time become increasingly divergent from contemporary human H3N2 viruses. As an example, European H3N2 SIVs from 1983 to 1999 showed a six times slower rate of antigenic drift than their human counterparts. 8 Consequently, European H3N2 SIVs from recent years still show some degree of serological cross-reactivity with human viruses from the 1970s to 1980s, but not with human viruses isolated after 1990. 9, 10 Swine influenza viruses usually do not infect humans, but sporadic dead-end zoonotic infections have been reported with most SIV subtypes or lineages. [11] [12] [13] Such infections are generally mild and clinically indistinguishable from infections with human influenza viruses. Most cases of swine influenza occur in people with direct or indirect exposure to swine, frequently children, or young adults. The European H3N2 SIV has been isolated from a 1-year-old girl and a 2-year-old boy in the Netherlands in 1993. 14 A closely related virus was also isolated from a 10-month-old girl in Hong Kong in 1999. 15 In North America, nine cases of human infection with triple reassortant H3N2 SIV have been reported from 2005 to 2010. 12, 16, 17 A variant of the original triple reassortant H3N2 SIVs, which contains the matrix gene of the pandemic 2009 H1N1 virus, has been detected in 13 humans in the United States from July 2011 to April 2012, 18 and in 306 cases in 10 US states from July to September 2012, mainly in children visiting county or state fairs. 19 The increasing numbers of human cases may be in part due to heightened awareness and surveillance. No H3N2 SIV has so far shown the capacity to spread efficiently between humans.
Already in 1977, Shortridge et al. 20 suggested that pigs could serve as a reservoir for old, A/Hong Kong/68-like human H3N2 viruses and that such viruses might be re-introduced into humans when their immunity has waned. However, it remains unknown to what extent immunity to human H3N2 viruses may offer protection against H3N2 SIVs. We have therefore examined the effect of prior infection with an old (1975) or a more recent (2005) human H3N2 influenza virus on challenge with a recent European H3N2 SIV in the pig model.
Materials and methods

Genetic and antigenic characterization of viruses
Sw/Gent/172/08 (sw/Gent/08) is representative of H3N2 SIVs that are enzootic in Western Europe. The human H3N2 influenza viruses A/Victoria/3/75 (A/Vic/75) and A/Wisconsin/67/05 (A/Wis/05) have been WHO vaccine reference strains in 1976-1978 and 2006-2008, respectively . All viruses were propagated in the allantoic cavity of 10-day-old embryonated chicken eggs for less than four passages.
The HA1, NA, matrix (M), and nucleoprotein (NP) sequences of A/Vic/75, A/Wis/05, and sw/Gent/08 were compared at the nucleotide and amino acid (aa) level using MEGALIGN program within DNASTAR 5.01 software (DNASTAR, Inc., Madison, WI, USA). In addition, the HA1 and NA of a selection of human H3N2 viruses circulating from 1973 to 2009 (Table 2) were compared with sw/Gent/08. Amino acid differences at putative antigenic sites of the HA and NA, as defined by others, [21] [22] [23] were identified by alignment using MEGA 5.05 software (http://www.megasoftware.net/) 24 . Nlinked glycosylation sites were predicted by the NetNGlyc 1.0 web server (http://www.cbs.dtu.dk/services/NetNGlyc) as described elsewhere. 25 The HA1, NA, M, and NP of sw/ Gent/08 and the HA1 of A/Vic/75 and A/Wis/05 were (re-) sequenced for this study (GenBank accession numbers KC142126-32). All other sequences used for comparison were downloaded from GenBank.
A/Vic/75, A/Wis/05, and sw/Gent/08 were characterized in hemagglutination inhibition (HI) and neuraminidase inhibition (NI) tests using post-infection ferret or hyperimmune swine sera, or both.
Experimental design
Thirty-two 5-week-old pigs were obtained from an influenza virus-seronegative farm. Pigs were randomly assigned to four groups of eight pigs. Each group was housed in a separate biosafety level-2 HEPA-filtered isolation unit. Before the start of the experiment, all pigs were seronegative to any of the European endemic H1N1, H1N2, and H3N2 SIVs, as determined by HI test, immunoperoxidase monolayer assay, and a competitive anti-influenza A NP enzyme-linked immunosorbent assay (Idexx Laboratories, Hoofddorp, the Netherlands). After acclimation for 1 week, three groups were inoculated with A/Vic/75, A/Wis/05, or sw/Gent/08, respectively. One group was left uninoculated and served as the challenge control group. Six weeks later, all groups were challenged with sw/Gent/08. All inoculations were performed intranasally with 7Á0 log 10 50% egg infective doses (EID 50 ) influenza virus in 3 ml (1Á5 ml per nostril) as described elsewhere. 26 Pigs were observed daily for clinical signs from 4 days before until 7 days after each inoculation, or until euthanasia. To determine virus excretion, nasal swabs were collected daily from all pigs from 0-7 days post-primary inoculation (dpi) and from 0-7 days post-challenge (dpc), or until euthanasia. Four pigs per group were euthanized at 3 dpc and gross lung lesions were assessed as described elsewhere. 27 To determine the extent of replication of the sw/ Gent/08 challenge virus in the respiratory tract, tissue samples of the upper (nasal mucosa respiratory part and olfactory part, tonsil, and trachea) and lower (apical, cardiac, and diaphragmatic lobes of the left and right lung) respiratory tract were collected and titrated separately. Blood samples for serological examinations were collected at the start of the experiment, 14 and 42 dpi, that is, at the time of challenge with sw/Gent/08. The remaining pigs were also bled at 5, 7, 10, and 14 dpc.
Virus titration
Cotton swabs were weighed before and after collection to determine virus titers per 100 mg nasal secretions. Swabs from both nostrils were suspended in 1 ml of phosphatebuffered saline supplemented with 10% fetal bovine serum, 100 IU/ml penicillin, and 100 lg/ml streptomycin and mixed vigorously at 4°C for 1 hour. Tissue samples were weighed and ground in PBS containing 10 IU/ml penicillin and 10 lg/ml streptomycin to obtain 20% (w/v) tissue homogenates. Nasal swab samples and tissue homogenates were clarified by centrifugation (16 000 g for 3 minutes) and stored at À70°C until titration. All samples were titrated on Madin-Darby canine kidney (MDCK) cells in serum-free medium with trypsin. Briefly, confluent monolayers of cells were inoculated with 10-fold serial dilutions of samples. Cells were washed 2 hours after inoculation and subsequently observed for development of cytopathic effect over 7 days. Virus titers were expressed as log 10 50% tissue culture infective doses (TCID 50 ) per 100 mg (nasal swabs) or per gram (tissues).
Serological assays
Serum antibody responses were examined by HI, virus neutralization (VN), and NI tests. All sera collected at 0, 14 dpi, and 0 and 14 dpc were examined against all three viruses in HI and VN tests, while only the sera collected at 0 and 14 dpc were tested in NI tests. Additional VN tests against the challenge virus sw/Gent/08 were performed on the sera collected at 5, 7, and 10 dpc. All sera were heat inactivated (56°C, 30 minutes) before use. The HI test was performed according to standard procedures with 0Á5% turkey erythrocytes and 4 hemagglutinating units of virus. 28 The VN test was performed in MDCK cells in microplates with 100 TCID 50 of virus per well as previously described. 29 The NI test was based on the colorimetric analysis of sialic acid release from fetuin substrate and conducted in 96-well PCR plates as described elsewhere. 30 Starting dilutions were 1:2 in the VN test and 1:10 in the HI and NI tests.
Statistics
Nasal virus shedding in each group was quantified by calculation of the area under the curve (AUC), which is obtained by plotting viral titers versus each time point of sample collection. Samples that tested negative for virus were given a numeric value of 1Á6 log 10 TCID 50 per 100 mg or gram. Samples that tested negative in the serological assays were assigned a value corresponding to half of the minimum detectable titer. Mann-Whitney tests were used to compare virus titers and antibody levels between any two experimental groups. P < 0Á05 was considered statistically significant. GRAPHPAD PRISM 5.0 software (GraphPad Software, Inc., San Diego, CA, USA) was used for all analyses.
Results
Genetic and antigenic relationships between human and European swine H3N2 viruses
Percentages of nucleotide and aa identity between the HA1, NA, M, and NP of A/Vic/75, A/Wis/05, and sw/Gent/08 are summarized in Table 1 . The HA1 and NA of sw/Gent/08 were more similar to A/Vic/75 than to A/Wis/05 at both levels. The M and NP genes of both human viruses were equally similar to those of the swine virus.
Amino acid differences at presumed antigenic sites of the HA are shown in Figure 1 . The HA1 segment of A/Vic/75 contained 42 aa differences compared with sw/Gent/08, with 9 of these occurring in each of the 5 recognized antigenic sites: 4 in antigenic site A, 1 in B, 2 in C, 1 in D, and 1 in E. The HA1 of A/Wis/05 contained as much as 64 aa differences compared with sw/Gent/08. Fourteen differences were located in antigenic sites: 2 in antigenic site A, 7 in B, 3 in C, 1 in D, and 1 in E. Three additional N-glycosylation sites in the globular head of HA1, at positions 133, 144, and 246, were found in A/Wis/05 but absent in A/Vic/75 and sw/Gent/ 08. Positions 133 and 144 were located in antigenic site A and position 133 was in the receptor binding site. The NA gene of A/Vic/75 was also more closely related to sw/Gent/08 (44 aa differences, with 10 in putative antigenic sites) than that of A/Wis/05 (62 aa differences, 15 in antigenic sites). Compared with sw/Gent/08, one additional N-glycosylation site was predicted for A/Vic/75 (position 234) and two for A/Wis/05 (positions 93 and 234). Table 2 compares the HA1 and NA protein sequences and presumed antigenic sites of sw/Gent/08 with those of additional human H3N2 viruses collected over time. The HA1 of sw/Gent/08 was most similar to that of A/Vic/75. Starting in 1989, all human strains showed less than 85% aa homology with the swine virus, and 14-17 aa differences in antigenic sites of the HA. N-glycosylation site 246 and 133 were consistently present in the globular head of the HA1 of all human H3N2 viruses examined since 1987 and 1997, respectively. The NA of sw/Gent/08 was most similar to that of A/Port Chalmers/1/73. Human viruses from 1989 or later showed <89% aa homology with the swine virus and 13-15 aa differences in antigenic sites of the NA. Table 3 shows the antigenic relationship in the HA and NA of the three viruses used in infection-challenge studies. Low to moderate cross-reactivity between A/Vic/75 and sw/ Gent/08 was observed in both HI and NI tests, whereas antisera against the two viruses lacked cross-reactivity with A/Wis/05 in both tests. For an unknown reason, ferret serum against A/Wis/05 showed similar NI antibody titers to all three viruses, while the swine serum showed minimal reaction with sw/Gent/08 or A/Vic/75.
Virus excretion and serological response after primary inoculation
As expected after intranasal inoculation of pigs with influenza virus, 1 clinical symptoms were absent in most pigs except for two sw/Gent/08-inoculated pigs with dyspnea at 3 dpi. All pigs excreted virus in nasal swabs. Virus shedding Aa, amino acid; -, not available in GenBank. Figure 2 . The average AUC value was highest for sw/Gent/08 (21Á8), followed by A/Vic/75 (16Á6) and A/Wis/05 (12Á1). All pigs were seronegative against the three viruses prior to the start of the experiment. Antibody titers at 2 and 6 weeks after the primary inoculation are shown in Table 4 . All challenge controls remained seronegative until the time of challenge, whereas the other pigs developed HI, VN, and NI antibodies to the influenza virus used for inoculation. These homologous antibody titers were significantly higher in sw/ Gent/08-inoculated pigs than in the pigs inoculated with human H3N2 viruses (P < 0Á05), except for the HI titers at 14 dpi (P > 0Á05). Inoculation with A/Vic/75 induced crossreactive VN antibodies against sw/Gent/08 in all pigs. Crossreactive HI antibodies were detected in only 3 of 8 pigs, at 14 dpi only, and cross-reactive NI antibodies in 6 pigs. In A/Wis/05-inoculated pigs, serological cross-reaction with sw/Gent/08 was negligible in the VN test and undetectable in the HI or NI test.
Virological protection after challenge with sw/Gent/ 08
No clinical signs were observed in any pigs after challenge infection. Mean sw/Gent/08 titers in nasal swabs are shown in Figure 2 . Virus shedding was detectable in all challenge controls during 5-6 consecutive days or until euthanasia. All pigs of the sw/Gent/08-sw/Gent/08 and A/Vic/75-sw/Gent/08 groups tested negative for virus excretion. Pre-infection with A/Wis/05 failed to prevent challenge infection or to reduce peak virus titers in nasal swabs. However, the mean duration of nasal shedding was 1Á3 days shorter than in the challenge control group. Sw/Gent/08 virus titers in the respiratory tract of the pigs euthanized at 3 dpc are shown in Table 5 . Sw/Gent/08 was isolated from the nasal mucosa, tonsil, trachea, left lung, and right lung of all challenge control pigs. In contrast, all pigs of the sw/Gent/08-sw/Gent/08 and A/Vic/75-sw/Gent/08 groups were completely virus negative. In the A/Wis/05-sw/Gent/08 group, virus isolation rates and virus titers were similar as in the challenge control group (P > 0Á05). Lung lesions characterized by dark-red consolidated areas, involving only 1-2% of the lung surface, were present in two challenge control pigs and two A/Wis/05-sw/Gent/08 pigs, but absent in both other groups.
Serological profile after challenge with sw/Gent/08
All pigs of the challenge control group had developed HI, VN, and NI antibodies to sw/Gent/08 at 14 dpc (Table 4) , whereas anti-sw/Gent/08 antibody titers remained at prechallenge levels in the sw/Gent/08-sw/Gent/08 group (P > 0Á05). Pigs of the A/Vic/75-sw/Gent/08 and A/Wis/05-sw/Gent/08 groups developed antibodies to sw/Gent/08 or showed a considerable increase in pre-existing antibody titers. As shown in Figure 3 , VN antibodies to the challenge virus developed more rapidly in the A/Wis/05-sw/Gent/08 group than in the challenge control group, but all 4 groups had similar antibody titers at 10 dpc. Homologous antibody titers to the human H3N2 viruses also increased after challenge with sw/Gent/08. Many pigs showed low crossreactive antibody titers to A/Vic/75 without being exposed to it, but cross-reaction with A/Wis/05 was rare.
Discussion
The increasing antigenic divergence between H3N2 viruses from swine and humans may have important implications Figure 2 . Nasal virus excretion after primary inoculation with human or swine H3N2 influenza virus and after challenge with sw/Gent/08. Mean virus titers in nasal swabs of each group are given. The horizontal broken line represents the detection limit (<1Á7 log 10 TCID 50 /100 mg).
for zoonotic transmission of H3N2 SIVs. This is the first study to evaluate cross-protection between human and swine H3N2 viruses in pigs. It shows a complete virological protection against infection with a contemporary European H3N2 SIV in pigs infected with A/Vic/75 6 weeks earlier, but only a minimal protection in pigs pre-infected with the more recent human H3N2 virus A/Wis/05. We did not identify the immune mechanisms underlying the observed cross-protection, but several findings point toward a role for crossreactive antibodies against the HA and/or NA of the swine virus. Indeed, the difference in protective immune response induced by the two human viruses was in line with the genetic and antigenic differences in their HA and NA. Antigenic sites A and B are located on the tip of the HA molecule, and they are supposed to be the primary targets for neutralizing antibodies. 21, 22 A/Wis/05 differed from sw/Gent/ 08 in as much as seven of the total nine amino acids of site B, and it had two additional N-glycosylations in site A, which make it more distinct from sw/Gent/08 than A/Vic/75. In addition, low-titered cross-reactive VN antibodies against sw/Gent/08 were found in all pigs previously infected with A/ Vic/75, but they were rare after infection with A/Wis/05. Post-challenge, however, such antibodies developed more rapidly in A/Wis/05 pre-infected pigs than in challenge controls, and this coincided with the enhanced clearance of the challenge virus. The HI test, as well as the NI test, is less sensitive than the VN test. 26 This can explain the lack of cross-reactive HI and NI antibodies in most A/Vic/75-inoculated pigs. Given the low cross-reactive serum antibody titers in A/Vic/75-inoculated pigs, it is likely that local antibodies in the respiratory tract and cell-mediated immunity, which are more cross-reactive, 31 also contribute to the cross-protection.
Previous studies by Kyriakis et al. 9 have shown that H3N2 SIVs from 2007 to 2008 cross-react in the HI test with hyperimmune sera against the human viruses A/Vic/75 and A/ Philippines/2/82, but not with sera against A/Sydney/5/97 or A/Wis/05. The present comparison of sw/Gent/08 with human H3N2 viruses showed increased genetic differences since 1987-1989, as reflected by an increased number of aa differences in the HA ( ! 14) and NA ( ! 13), and additional N-glycosylations in the HA1 globular head. This suggests that especially people born after the mid-1980s are at a higher risk for infection with European H3N2 SIVs. Additional in vivo cross-protection studies with more, antigenically distinct human viruses would be required for a better understanding of the nature of the human viruses that could offer crossprotection against swine viruses. Still, genetic and antigenic analyses should be interpreted with caution. Our cross-NI test results with A/Wis/05 serum from ferrets versus swine, for example, illustrate that sera from different animal species may yield discrepant results. As for the definition of antigenic sites, 32 It is of great interest to identify the immunodominant amino acids in the HA of SIVs and those that are cross-reactive with human H3N2 viruses.
Virus titers in nasal swabs and antibody titers in serum were lower in pigs inoculated with human H3N2 virus than in pigs inoculated with sw/Gent/08. A/Wis/05 also seemed to replicate less efficiently in pigs than A/Vic/75, which is more closely related to swine-adapted H3N2 viruses. Similar findings were made in a comparative pig infection study with a triple reassortant H3N2 SIV from North America and a non-reassortant wholly human H3N2 virus. 33 Like the authors of that study, we suspect that the lower antibody responses to human influenza viruses in pigs are in part due to their lower replication efficiencies. Virus titers in the ferret model also differ for different H3N2 virus strains. 34, 35 Comparative studies of the pathogenesis of human and swine H3N2 viruses in pigs and ferrets would help to select the best animal models and experimental conditions for cross-protection studies with such viruses. On the other hand, a separate experiment in our laboratory has demonstrated complete protection against A/Wis/05 in pigs that had been previously infected with the homologous virus under the same conditions as in the present study, and with similar antibody titers. Thus, human H3N2 viruses can elicit an efficient protective immune response in pigs.
The recent infections of over 300 humans in the United States, mainly children in a fair setting, with a variant H3N2 virus (A(H3N2)v) of swine origin have raised concerns about the extent of pre-existing immunity against this virus in the human population. Serological studies have shown crossreactive HI antibodies in ! 50% of late adolescents and young adults, whereas such antibodies were generally lacking in children under 10. 18, 36, 37 Overall, these serological findings and the present study support the idea that various H3N2 SIV lineages could cause epi-or pandemics in the younger population, should they acquire the capacity to spread efficiently between people. The H3 of A(H3N2)v is phylogenetically most closely related to human H3N2 viruses from the 1995 to 1997 era and slightly more related to human Figure 3 . Evolution of virus-neutralizing (VN) antibody titers against the challenge virus sw/Gent/08 during the first 10 days post challenge. Bars represent group geometric mean VN antibody titers with standard error of the mean (SEM); the asterisk denotes a statistically significant difference (P < 0Á05) with the challenge control group. The horizontal broken line represents the detection limit of the assay (<2). Challenge control 6Á4 AE 0Á1 5 Á4 AE 0Á5 4 Á1 AE 0Á7 7 Á1 AE 0Á1 6 Á2 AE 0Á1 6 Á7 AE 0Á3 sw/Gent/08-sw/Gent/08 <** < < < < < A/Vic/75-sw/Gent/08 < < < < < < A/Wis/05-sw/Gent/08 7Á6 AE 0Á4 4 Á6 AE 1Á1 4 Á6 AE 0Á7 7 Á3 AE 0Á2 6 Á2 AE 0Á3 6 Á1 AE 0Á3 *Standard error of the mean. **Virus titers below the detection limit (<1Á7 log 10 TCID 50 /g).
H3N2 viruses from the 21st century than European H3N2 SIVs. 38 We therefore assume that the immune status of young people may be even lower for the European H3N2 SIV than for A(H3N2)v. Both serological investigation of humans and experimental cross-protection studies, as well as studies of the host barriers, are needed to further explore the susceptibility of humans to various H3N2 SIVs. Experimental cross-protection studies are performed under artificial conditions, but they will assess all arms of the immune response and true protection. Many serological studies only consider subjects with HI titers ! 40 as protected, and they may therefore underestimate protection against SIVs in the human population.
